A survey of published descriptions of 32 of the largest, least eroded terrestrial impact structures reveals that the amount of melt at craters in crystalline rocks is approximately 2 orders of magnitude greater than at craters in sedimentary rocks. In this paper we present a model for the impact process and examine whether this difference in melt abundance is due to differences in the amount of melt generated in various target materials or due to differences in the fate of the melt during late stages of the impact. The model consists of a theoretical part for the early stages of impact, based on a Birch-Murnaghan equation of state, a penetration scheme after Shoemaker (1963) , and an attenuation model modified from Gault and Heitowit (1963), and a descriptive part for the later stages of impact, based on field observations at the large terrestrial craters. The impacts of iron, stone, permafrost, and ice meteorites I km in diameter into crystalline, carbonate, dry sandstone, ice-saturated sand, and ice targets are modeled for velocities of 6.25, 17, and 24.6 km/s. Tables of calculated crater volume, depth of penetration of the meteorite, equivalent scaled depth of burst, radii to various peak pressure isobars, volume of silicate melt, and volume of water vapor (or, in the case of carbonate, carbon dioxide vapor) are presented. Simple algebraic expressions for pressure attenuation are derived: for the near field, dX/dR = 3Xn/R(I -n), where X is the pressure normalized to an averaged bulk modulus for the target rocks, R is the radius normalized to the radius of the cavity in which energy is initially deposited, and n is the pressure derivative of the bulk modulus. For the far field the pressure attenuation is given by dX/dR ----,-3X/R. For most materials considered, n --4-6, and therefore the near-field attenuation is proportional to R-3'65-R -4 and the farfield attenuation is proportional to R -3. The calculations show that the volume of material shocked to pressures sul•cient for melting should not be significantly different in sedimentary and crystalline rocks. Hence we conclude that shock melt is formed in the early stages of the cratering process by impacts into rocks rich in volatiles but is destroyed by the cratering process. We propose that the melt is finely dispersed by the great expansion of shocked volatiles upon release from high pressure and that suevite units are the product of this process. The fragmented silicates produced by this process may react penecontemporaneously with the hot volatiles to produce hydrated minerals such as clays. This process may produce hydrothermally altered minerals in planetary regoliths, such as the Martian regolith. The dispersion of shock melt by volatile expansion may also account for the apparent lack of lunarlike melt sheets on the surface of Mars. Because large amounts of volatiles vaporize during impact and are transferred from depth either into space, into the atmosphere, or onto near-surface ejecta by condensation, repeated impact degasses a planet, depleting some layers in volatiles and, unless the volatiles escape the planet, enriching others.
INTRODUCTION
Although sediments, sedimentary rocks (including carbonates), water, and ice are major constituents of the outer crust of the earth, most theoretical cratering studies have been directed toward volatile-free rocks [Gault and Heitowit, 1963; Shoemaker, 1963 ; O'Keefe and Ahrens, 1975 Ahrens, , 1976 and have not focused on the role of different rock types in the cratering process or their influence on the properties of the ejecta produced. In fact, major differences in the cratering process are produced by lithologic differences in either projectile or target, and particularly, the volume fraction of sedimentary components in the target has a major effect on the amount and distribution of impact melt in terrestrial craters. We present a model which accounts semiquantitatively for the effects of porosity and water and volatile content on the cratering process. Although the model was formulated for the purpose of synthesizing a wide variety of field observations at terrestrial craters and not for analytical rigor, it incorporates in a general way (1) the effects of the difference in compression and release adiabat properties between wet and dry and porous and non- Rondot [1971] 80-m-thick melt sheet over discontinuous Grieve [ 1975] breccias; estimated volume of melt, 8 Some of the interesting, and potentially predictable, properties of an impact crater are its size and shape, the distribution of shock effects, and the amount and distribution of melt; the relation of these properties to the mass, velocity, and composition of the meteorite and the composition and thermodynamic and mechanical properties of the target. In order to evaluate these various dependences we have developed the model whlch follows. Although we cannot assign numerical uncertainties to our conclusions, we have tried to indicate the strengths and weaknesses of the model and to distinguish those conclusions that are relatively independent of the assumptions and those that are strongly dependent on them.
Our considerations are focused primarily on the volume of impact melt generated as a function of target lithology because this is a quantity which can be documented by field study. Prediction of the amount of impact melt generated is not only important in the study of terrestrial craters but is nec- [Ostro and Pettengill, 1978; Consolmagno and Lewis, 1978] . As a specific example of large-scale effects which may be lithology-dependent we note that Carr et al. [1976, 1977] , Head and Roth [1976] , and Gault and Greeley [1978] have suggested that the distinctive lobate features on the continuous ejecta blankets of Martian rampart craters arise from fiuidization of permafrost during the impact and transport processes.
FIELD OBSERVATIONS OF THE OCCURRENCE OF IMPACT MELT
In the attempt to determine the extent to which target rock types determine the nature of the impact-produced deposits it Shoemaker [ 1963] ; Shoemaker and Kieffer [1974] is, in principle, necessary to separate the effects of target properties (particularly the porosity and the volatile content) from those of the impacting body. The wide range of impact velocities, shapes, and trajectories and the narrower, but still significant, range of compositions and densities (1-8 g/cm 3) of meteorites could have a significant effect on the crateting process. Because, in practice, these variables cannot be specified for most structures, we have considered a large number of structures, believing that thereby the effects of variation in the properties of the meteorites will be averaged out. General properties of 32 terrestrial impact structures are summarized in Table 1 . These 32 structures were selected from a total of 65 that have diameters greater than 1 km and for which diagnostic shock features have been observed (list provided by M. R. Dence (personal communication, 1978) ). The 32 structures are the least eroded ones for which descriptions of the structure of the crater, the target rocks, and ejecta are available. The following properties are listed in the table: 1. Diameters of the outer edge of the topographic depression for simple bowl-shaped structures and of the outer edge of the primary structural depression for ting and central peak structures. These dimensions are larger than the initial or transient cavity before slumping or other modification. The diameter of the initial excavation is poorly defined for the craters in crystalline rocks because structural relations are generally not clear enough for the transient cavity to be defined. Table I shows that all of the craters that formed primarily in crystalline rocks have melt sheets as- [Kieffer et al., 1976a] ) in comparison with dry crystalline rocks (e.g., 800-1000 kbar for nearly total melting of basalt [Kieffer et al., 1976b] ) the absence of melt sheets around craters in sedimentary rocks is unexpected in terms of current models of cratering. The problem addressed in this paper is whether the variation in abundance and form of impact melt reflects the melting behavior of the various target rock types or differing fates of the melt.
Observations at a few of the better studied structures allow an estimate to be made of the degree to which melt appears to be lacking at the craters in sedimentary rocks. Grieve et al. [ 1977] estimated the following volume percentages of melt at craters in crystalline rocks: 1-2% of the volume excavated at the 4-kin-diameter Brent structure, 3-5% at the 28-km Mistastin, 4-5% at the 38-kin West Clearwater, and 2-4% at the 65-kin Manicouagan. These estimates are based on the volume of the transient cavity, not the diameter of the larger modified structure. Grieve et al. [ 1977] Thus we conclude that the proportion of melt present at the craters in sedimentary rocks is at least 2 orders of magnitude less than that in similar-sized craters in crystalline rocks. Grieve et al. [1977, p. 809] suggested that some differences in melt abundance are associated with crater size and arise from differing attenuation rates. However, plausible ranges of attenuation models (P ocr -3 to P ocr -4-5, where P is pressure and r is radius) give variations of only a factor of 2 in melt abundance when they are applied to their crystalline crater models; similar results would be expected for craters in sedimentary rocks.
Limited data on siderophile and volatile trace elements in larger craters reveal that impacts of both stony a Although a number of factors other than lithology could affect the amount of melt formed at impact sites (e.g., meteorite shape, angle of incidence, and, of course, impact velocity), we can think of none that would produce the consistent difference that we observe in the terrestrial craters, and we have therefore assumed that these other possible effects have been averaged out in our overview of many different craters. We examine here simply the roles of meteorite and target lithology and volatile content.
A critical point discussed later in the paper is the mode of transport of melt during the cratering of different rock types. A significant difference between craters in sedimentary rocks and craters in crystalline rocks is the occurrence of suevite units at craters in sediments or with thick sections of sediment overlying crystalline basement (e.g., Puchezh-Katunki, Popigai, Kara, Ries, Steen River, J/•nis'j•rvi, and II'inets). A no- P is the initial pressure (one-dimensional approximation) in kilobars, given to two or three significant figures. Parameter ut is the initial particle velocity in the ground, relative to a stationary coordinate system, in kilometers per second. The projectile particle velocity, relative to the ground, is u v ---vi -mt, where vi is the impact velocity. Velocities are given only to the nearest 0.1 km/s. Parameter f is the fraction of the initial meteorite energy transferred to the ground during the time taken by the shock to traverse from the front to the back of the meteorite; p/tom is the penetration of the interface during stage 2, relative to the initial meteorite radius; •'Ot/l'Om is the radius of a target sphere into which f of the initial energy is deposited, relative to the initial meteorite radius, at initial pressure P; and ro/rom is the radius of a target sphere into which 100% of the initial energy is deposited, relative to the initial radius, at initial pressure P. 
cularity.
Suevite is present at craters formed largely in sedimentary strata and at craters in mixed targets (at the 72-kin Popigai with its overburden (1 kin) of sediments and perhaps at the 22-kin Lake St. Martin, which had 220 m of carbonate overlying the basement [McCabe and Bannatyne, 1970] ; in this case the unit that may be suevite is a nearly clayfree breccia resembling the interior suevite of the Ries as observed in the 1973 N6rdlingen core). It is not possible to demonstrate the presence or absence of suevite at craters wholly in crystalline rocks because these craters are all too deeply eroded for such deposits to have been preserved outside the structural rim. We do not consider the polymict breccias underlying melt sheets or occurring as dikes penetrating the basement to be suevites: they have less clay than, for example, the Ries suevite and lack aerodynamically shaped glass bombs [Floran et al., 1978; Grieve, 1975; Simonds, et al., 197861 .
Because of the depth of excavation at the craters, we assume that to a large extent any sediments present were saturated with groundwater. (Although crystalline rocks may also have been saturated, they hold only a few percent water, whereas porous sediments may contain 20% water in their pores.) This assumption is supported by evidence (even at the relatively small Meteor Crater) that many craters were filled with lakes shortly after the impact event. Thus in considering the role of target lithology we are confronted with the problem of comparing crystalline rocks not only with their porous equivalents but also with porous sediments rich in volatile phases, either water or carbon dioxide produced at high pressure by decarbonation of carbonates.
In addition to the field observations at naturally formed impact craters, data from explosion craters [Cooper, 1977] , missfie impact craters [Moore, 1976] , and laboratory cratering events [Gault and Moore, 1965] demonstrate that target lithology is important in determining crater properties (Figure 3 ). These data suggest that even in relatively small craters the role of lithology is important. As a rule, craters in softs are larger than energy-equivalent craters in crystalline rocks, and craters in water-saturated sediments are typically 20-50% larger in diameter (1.5-6 times larger in volume) than their energy equivalents in dry soils (see, for example, Moore [1976, Figure 53] ). However, even if we assume that the volume of melt produced is comparable in craters in sedimentary and crystalline rocks, the percentage of melt produced in craters in sedimentary rocks would be reduced only by a factor of 1.5-6 because of the larger crater volume. Therefore the effect of lithology on crater size alone cannot explain the 2 orders of magnitude difference in melt fraction observed.
A MODEL FOR THE CRATERING PROCESS
We present below a model tbr the vertical impact of a roughly spherical meteorite 1 km in diameter. A meteorite of this size, of density 3.0 g/cm 3, and of velocity 24.6 km/s has a kinetic energy of 4.75 x 1027 ergs and will produce a transient (premodified) crater about 15-20 km in diameter, depending on the target lithology and scaling laws used (the above values [1976, 1977] ; and stage 7, field observations. We recognize that there are internal inconsistencies in some of the above models (e.g., the original Charters-Summers model does not conserve momentum) and that consistency of assumptions among the above models for the various stages is rare (e.g., jetting of stage 1 depends on geometry, whereas the compression for stage 2 is calculated from a one-dimensional model, yet all of the flow fields depend on geometric assumptions, etc.), but we have tried to extract the most relevant conclusions from the various workers and to apply them to formulate a scenario for two lower velocities: 6.25 km/s, the velocity used by Gault and the process. Detailed models which are internally consistent Heitowit [1963] Depth was calculated as penetration depth plus radius to isobar considered from spherical attenuation model. losbars are given as peak pressure, in kilobars.
The model is presented for the most common meteorite-target lithologic combinations encountered in terrestrial and planetary cratering problems: meteorites of iron, stone (diabase, basalt), frozen stone, and ice and targets of dry crystalline rock (dry in the sense that water is bound and does not cause large-scale vesiculation), carbonate, dry porous (cohesionless or weakly cohesive) rock or regolith, permafrost, and ice. For purposes of discussion we will frequently cite the impact of a diabase meteorite into various targets, and we will refer to this [1963] . A theoretical discussion of the conditions of oblique impact for silicates is given by Kieffer [ 1977] , but no experimental data have been published to date. A few percent of the mass of the meteorite and a mass of rock equal to perhaps several meteorite masses are ejected at high velocities from the interface. Although no data are available, we estimate that a few percent of the kinetic energy of the meteorite is transferred into the internal and kinetic energy of the jet.
The material in the jet may be the source of the various tektite-strewn fields suggested to be associated with the impact craters (e.g., the moldavites with the Ries [Gentner et al., 1963] and Javan tektites with Zhamanshin [Taylor and McLennan, 1979] ). We will return briefly to the question of the origin of the tektites and their relationship to suevite in a discussion of the Ries at the end of the paper.
The duration of the jetting stage is relatively brief. We take 
Because we are not concerned here with details of the geometry in the vicinity of the shock and because we will assume a spherical attenuation model in stage 3, we calculate here the radius of a sphere of target rock which would contain the energy transferred during the various substages, recognizing that this is a geometry assumed for simplicity rather than accuracy. 
The values of rot/rom thus obtained are given in Table 2 . They are of the order of or less than 1; therefore we repeat that while rot represents roughly the volume into which energy is placed during substage A, the spherical geometry assumed in the immediate vicinity of the meteorite is not meaningful. One important result evident from the tables is that rot is not a very strong function of the impact velocity vg this is because it depends on the ratio v•/ut, which is relatively independent of the magnitude of v•. 
We assume that this energy is transmitted into a sphere of ground surrounding the buried meteorite-target interface. Be-cause ro, the radius of this sphere, is proportional to the cube root of the fraction of energy transferred, the error in the estimate of ro will be proportional to the cube root of the error in the estimate of the fraction transferred. Therefore in the tables we give values of ro under the assumption that all of the meteorite energy is transferred, ft = 1, and r 0 = rotfit) -i/3
because even if the fraction of energy transmitted to the rock were as low at 0.70, ro is within 90% of the value obtained under the assumption that all of the energy is transferred. For example, Shoemaker [1963] calculated that for an iron meteorite striking a dry sedimentary target, about 12% of the original energy will be retained by the meteorite at the end of substage B. Allowance for this 12% plus a few percent lost from the jetting process changes the scale of the drawings and conclusions by less than 10%; again, the reader can scale the values in Table 2 by a factor if desired.
The radius ro calculated here, then, is taken as the radius of ground initially shocked to pressure P and provides the initial condition for the attenuation model developed in the next section.
During the compression stage 2 the meteorite-ground interface penetrates a distance p into the ground, given approximately by
ß (Cm is the sound speed in the meteorite given by (9)). The first term on the right-hand side is the distance that the interface travels during substage A; the second term is the distance that the interface travels during substage B. As was discussed previously at (5), to the accuracy of this model it is sufficient to approximate this penetration depth as (22) These penetration depths normalized to the initial meteorite radius are given in Table 2 , and in Figure 7 for our 1-km meteorite.
The reader should note from the tables that under certain conditions of velocity and for certain combinations of meteorite and ground materials the penetration distance p is less than the radius ro of the sphere within which the initial energy is assumed to be deposited. This is true for almost all projectties striking an iron target at low velocities, but the only geologically interesting situations for which this occurs are the cases of ice or permafrost meteorites striking the harder target rocks. Physically, the interface penetration is so shallow (i.e., particle velocities are very low) that energy is deposited near the ground surface rather than in a deep region below a rapidly penetrating interface. We suggest that for these cases a model of energy deposition into a surface hemisphere ( 
•t • + sm •tt-I , • •ot] J > I (24)
This inequality (and the results shown in the tables) brings out the important fact that the criterion for whether a meteorite impact should be considered a 'surface burst' or a 'deep burst' depends not only on the materials involved (through lOOm/POt and through the ratio vi/u,, which we have shown in Table 2 3 to be relatively independent of vi but which does depend strongly on the lithologies) but also on the impact velocity (through the term Cm/U, in the above equation, but since u, is proportional to vi, the dependence is really through vi in this term). Thus although the common assumption is that icy bodies (comets) will give surface bursts, we see that at the rootmean-square approach velocity of 24.6 km/s the penetration depth for icy bodies, though shallow by comparison with that of iron meteorites, is sufficiently great to allow a subsurface burst model to be used. Table 3 
If an initial value of X, denoted by Xo, is specified at any initial value of R, denoted by Ro, this equation can be numerically integrated to give the shock attenuation (Figure 8) . Note that the bulk modulus appears only in the nondimensional pressure X, so that different values of Xo can correspond either to high initial pressures due to high impact velocities or to low bulk moduli for soft targets. The effects on the attenuation rate of altering the parameters X = P/Ko and n are shown in Figure 8 . Variation of n over the range 4-6, which spans the parameter for most materials, has negligible effect. Therefore in terms of the nondimensional pressure and nondimensional radius the attenuation curves for high-velocity impacts producing a given value of X in a soft target and a low-velocity impact producing the same value of X in a hard target are nearly identical; however, the value of ro (defining the volume in which the initial energy is placed) is different in the two cases.
A near-field approximation can be obtained for X >> 1, noting that for n --4-6(5), nX is also greater than 1: dX 3X( n ) rates increasing to about R -: falther out. We note in passing that field and theoretical models give attenuation rates spanning 2 orders of magnitude in the exponent of the radius. Table 4 lists the distances from the center of the crater to selected peak pressure isobars for the impact of our standard 1-km diabase meteorite on the various targets. Table 3 Figure 9 for the standard impact into diabase, dry Coconino sandstone, and permafrost. The comparable sizes of the melt zones in all three cases are easily seen, as well as the rather large differences in position of the low-pressure, craterbounding isobars.
Examination of Table 3 and Figure 9 provides an answer to the first part of our basic question: Are the differences observed in melt abundance at craters in crystalline and sedimentary rocks due to differences in the melting behavior of the rocks or to the fate of the melt? In terms of volume of melt produced (rather than percentages) the calculations show that the wet and dry sedimentary rocks yield more melt on impact than the crystalline targets; for example, a diabase meteorite striking diabase or granite at 24.6 km/s yields 4-5 km 3 of melt, whereas in dry Coconino sandstone or permafrost the yield is 6-8 km 3 of melt. We state this conclusion in terms of actual melt volume rather than percentages so that it is independent of model values for crater volume, which are subject to much more uncertainty than the model volumes for melt. Nevertheless, there are no field or theoretical data to suggest that craters in sedimentary rocks are more than I order of magnitude larger than their energy-equivalent counterparts in crystalline rocks; thus even in terms of melt fraction the sedimentary targets should have approximately (within 1 order of magnitude) the same fraction of excavated volume melted.
There remains the paradox that impacts into sedimentary rocks should produce as much or more melt than impacts into crystalline rocks, yet there is a virtual absence of melt in the sedimentary target craters or melted sediments at the targets with thick sediments overlying crystalline rocks. We conclude that processes going on after passage of the rarefaction (stages 4-7) must disperse the melted and decarbonated sediments and render them unrecognizable or deposit them as a thin superficial layer which has been eroded from even the freshest terrestrial structures. (Figures 10a-10c and 1 la-1 lc) As the rarefaction passes through the target during stage 3, it decompresses the shocked material, rotates the direction of particle motion from radially away from the meteorite and into the ground to tangentially outward (parallel to the crater floors and walls), and accelerates the particles into ballistic trajectories (Figures 10 and 11) . For very simple substances, such as aluminum, the velocity obtained in the rarefaction (denoted as u,,p) is twice the shock particle velocity [Walsh and
Stage 4: Excavation and Flo• Within the Crater

Christian, 1955]:
This approximation can be applied to some dense crystalline rocks and even to dry porous rocks at pressures of a few hundred kilobars [e.g., Ahrens and Gregson, 1964], but important departures occur for wet softs [Anderson et al., 1966; Anderson, 1967] . In particular, materials containing water undergo large expansions accompanied by high velocities due to vapor expansion when they are shocked to pressures above 100 kbar. For example, dry soil shocked to 300 kbar has a particle velocity of 3 km/s in the shock state and releases with a velocity of approximately 5.7 km/s, whereas wet soil shocked to the same pressure has the same particle velocity in the shock state but releases with a particle velocity of approximately 7.3 km/s [Anderson et al., 1966, Figures 3-10 and 3-11] .
The duration of this stage is approximately d'/2%, where d'
is the slope distance rock must travel to leave the crater and 2% is the approximate particle velocity in the rarefaction. For our standard impact, d' -7 km, and % --101-103 m/s, so the stage lasts a few minutes. During this time the major processes which must be considered are (1) movement and internal mixing of rock, melt, and gas and (2) heat transport by radiation, conduction, and mass transport.
By this time the flow fields are no longer well described by the spherically symmetric model, and we have modeled our flow fields (shown in Figures 10a-10c and 1 la-1 [Shoemaker, 1963] . All of these observations imply that material initially at different horizontal and vertical distances from the center of the impact is mixed together. Although some of this mixing undoubtedly takes place after the ejection of the material from the crater into different ballistic trajectories, some must also take place during flow within the crater because the material is flowing along the transient cavity boundary, which is not at a specific isobar but cuts across isobars (see Figures 10c and 11c) . Grieve et al. Figure 12 the enthalpy-temperature relations for anhydrous silicates, carbonates, pure water, and a hypothetical water-saturated sediment containing 10% water by mass. The following calculations apply to sediments containing unbound water, i.e., pore water. The heat content of typical anhydrous silicates rises smoothly to the melting point; the latent heat of melting is typically about 25% of the heat required to reach the melting point from ambient conditions. Thus if anhydrous rocks are mixed into melt, equilibration of the hot melt with the cold inclusions occurs solely by increasing the temperature of the included fragments. In contrast, water, wet sediments, or carbonates have low-temperature phase changes with large latent heats of vaporization, and equilibration of the cold clasts with the melt sheet will cause vaporization as well as heating. The enthalpy of pure water rises smoothly to 100øC, where there is a large increase of heat content because of the large latent heat of vaporization. Thus the addition of, say, 10% water to a dry rock appreciably increases the heat content of the system at a given temperature (Figure 12 ). An appreciable fraction of the heat in the system is stored in the volatile phase. Similarly, for carbonates, e.g., calcite, an appreciable fraction of the heat content is stored in the gas phase at temperatures above the decarbonation temperature. Consideration of ice in permafrost would make only a small change in the graphs because the latent heat of fusion is small in comparison to the latent heat of vaporization.
The enthalpies of the water-bearing and carbonate systems are so high that a much smaller proportion of admixed sedimentary rock than of anhydrous crystalline rock is required to quench the melt to subsolidus temperatures. Thus the process of admixing superheated melt with sedimentary rocks will not result in as large an increase of melt sheet volume as the admixing of superheated melt with crystalline rocks. However, because we estimate that the increase of melt volume by admixture of crystalline rocks is about 40%, this process could account for only a difference of about 50% in the comparative volumes of melt sheets from crystalline versus sedimentary craters. This is not nearly sufficient to account for the 1-2 orders of magnitude difference observed in the field. In neither case does this process directly destroy the melt produced by the shock; that is, at stage 4 in the cratering process there are still several cubic kilometers of melt flowing out of the crater of our model impact. However, in the case of a crater in crystalline rock this volume is being augmented by about 50% by crystalline rock inclusions, but in the case of a crater in sedimentary rock this much rock cannot be included before the melt unit is quenched. If more inclusions are picked up, they are admixed into a quenched, relatively solid unit rather than a fluid melt unit. We will propose below that during stage 5 the admixing of melt with sediments is accompanied by the production of vast amounts of gas (both from the included sediments and from sediments shocked to high pressure) and that the volume expansion of these gases upon release to low pressures is the mechanism by which the shock-produced melt unit is dispersed around craters in sedimentary rocks and is one mechanism by which suevite is formed.
The apparent facility with which melt mixes with less shocked fragmented cold rock suggests that the vaporized rock subjected to peak shock pressures over 2000 kbar may also become mixed with cooler material surrounding it. [1976] suggest that one of the effects of this vast amount of gas is to accelerate the ejecta out of the crater over a broad range of angles with no pronounced preferential angle of ejection. Similarly, the calculations of Trulio [ 1977] suggest that the gas pressure due to vaporized rock can deepen the excavation of an explosion and can accelerate the ejecta out of the crater early in the crater-forming process, before the bounding of the flow by the walls of the transient cavity. Trulio also emphasizes that the Reynolds numbers in the ejecta are very large and that all flow will be extremely turbulent. Rehfuss et aL [1977] suggested that great outward directed winds arise from the vaporized silicates and continue to accelerate the ejecta well after the mechanical formation of the crater is complete. Jones and Sandford [1977] suggested that large impacts are accompanied by a fireball which can rise adiabatically at tremendous speed, actually accelera•g material above the earth's escape velocity. They calculate that inward dftected winds of as much as 300 m/s several kilometers from the center are required to feed the rising fireball. Such winds presumably would have some effect on the terminal phases of the ejection process. Thus a variety of mechanisms related to the presence of silicate vapor have been postulated for excavating material out of the crater; existing experimental and field data only broadly constrain the possible mechanisms.
All of the above mentioned calculations and theories are for dry crystalline rock targets, which will yield rock vapor only from regions subjected to peak pressures well in excess of 1000 kbar. The calculations all assume that the silicate vapor does not interact with or condense on the less intensely shocked, comminuted material in the crater. Although the existence of such interactions is hypothetical, the field evidence discussed above for intermixing of liquid and solid phases strongly suggests that similar mixing of vapor, liquid and solid phases must also occur. The effect of mixing any of the vapors into the less shocked material would be to condense some of it and thus to reduce the expansion that it is able to produce. Thus the amount of expandable vapor produced and its effects may be overestimated in models that do not account for such intermixing (this effect is in addition to actual vapor-silicate chemical interactions under stage 4). However, impacts into watersaturated targets or into carbonates will produce many orders of magnitude more vapor than impacts into dry crystalline targets because H20 and CO2 vapor are produced throughout a volume of rock subjected to a much broader range of pressures than can produce silicate vapor (e.g., at all pressures above 100 kbar for H20 and above 400 kbar for CO: in comparison to 800-1000 kbar for silicate vapor production). For example, the impact of the diabase meteorite at 24.6 km/s into permafrost, containing 22% by weight of water, will produce more than 1.75 km 3 of condensed water inside the 400-kbar isobar, equivalent to 2100 km 3 of vapor at standard temperature and pressure. If even only a fraction of that water escapes the crater, a massive cloud would be formed. For a similar impact into carbonate the volume of gaseous CO2 produced at standard pressure and temperature would be 670 km 3. Thus although recondensation of the silicate vapor might preclude the above models from applying quantitatively to craters in crystalline rock, gas-driven effects as proposed might still take place during cratering events in eo. diments or limestone.
Although we believe that mixing of rock types and fragments of differing degrees of shock is extensive, the actions of the vapors produced, at least on the high-pressure zone near the meteorite, would probably be the most effective on the materials immediately adjacent to the sites of vapor production; that is, CO2 gas would accelerate and interact most violently with the decarbonated carbonate from which it originated rather than, say, underlying or overlying bedrock: the silicate vapor would interact with and accelerate most intensely the melted silicate near it; and the H:O vapor would interact with and accelerate most efficiently the sediments of its source region. It is therefore possible that the lack of observed melt or products of decarbonated limestone around the sediment target craters may occur because these fragments were blown away with the vapor and could not follow ballistic trajectories. This is plausible because sediments and carbonates shocked to sufficient pressures for the volatile components to be vaporized are usually vesicular, of very low density (viz., the highly shocked Kaibab limestone fragments or class 4 Coconino sandstone fragments and lechatelierite at Meteor Crater, Arizona), and rather small. It is only a slight extension to note that if such glass fragments were to become slightly more expanded, In addition to this postulated glassy ash (which would probably originate from the vicinity of the 500-kbar isobar) we postulate that the suevite forms as a result of the interaction of melted and shocked sediments with large volumes of vapor derived from them, that is, from any sediments shocked to pressures above approximately 100 kbar. At the Ries the suevite is in the same stratigraphic position that clast-laden melt occupies at the crystalline target craters; that is, in both cases the melt equivalent unit lies on top of a less melt-rich polymict fragmental breccia. In the case of the Ries, outside of the crystalline ring the breccia is the Bunte breccia, and inside of the crystalline ring it is on top of a polymict crystalline breccia; at Manicouagan and West Clearwater the melt sheet _. _ overlies a discontinuous melt-bearing fragmental breccia.
We suggest that the suevite formed as the original shockmelted sediments and other sediments shocked to over 100 kbar were dispersed as small fragments owing to the formation of vast quantities of sediment-derived gas. These fragments were probably transported in a volatile-lubricated flow, continually fed by expanding gases. Less shocked sediments, crystalline rocks, and melt bombs derived from the underlying crystalline basement rocks or from material thrown out on earlier, but higher, trajectories were continuously included in the flow. Some of the unique properties of the suevite at the Ries that suggest involvement of large volumes of volatiles during transport include (1) the high porosity of the suevite, We suggest that the aerodynamically shaped bombs which are found in most suevites (and, indeed, are included in the definition of suevite) are incidental inclusions and that these bombs originate from the nearly anhydrous crystalline basement rocks underlying the sedimentary strata. We envision that they were thrown up on high-angle trajectories and landed relatively late in the impact process, to be included in the flowing and settling suevite, which is also emplaced relatively late because it can originate from sediments shocked to pressures as low as 100 kbar. Thus in our model for the formation of suevite the glass bombs are not related to the earlystage history of suevite formation. Any volatile-containing target rock that is shocked to pressures sufficient for melting ends up as a suite of hydrated minerals in the suevite rather than as an anhydrous glass fragment as a result of either shock-rarefaction-associated heating or penecontemporaneous hydrothermal alteration. The glass bombs must have originated from (nearly) anhydrous rocks external to the rocks that formed the suevite.
We should reemphasize that whereas we consider suevite to be stratigraphically equivalent to a melt sheet in that (1) it originates at comparable pressures and initial distances from the meteorite and (2) the sequence of ejection of materials shocked to various pressures is more or less preserved until release to quite low pressures so that the relative order of ejecta is preserved, the suevite is quite different from a melt unit in that (1) it includes material shocked to pressures as low as the limiting pressure for H20 vaporization, approximately 100 kbar, and (2) its mode of transport may be greatly altered at low pressures by volatile expansion. (Figures 10d and 1 l d Table 1 
Stage 6: Mechanical Modification
CONCLUSIONS ON PLANETARY CRATERING
The generalized model for the cratering process developed above can be used to discuss impact craters not only on the earth and the moon but on the other planets and their satellites, providing one can specify the projectile type, target type, impact velocity, and whether or not the planet in question had an atmosphere. We believe that the calculations of attenuation, peak shock pressure, and penetration can be used with some confidence in predicting the distribution of peak shock These criteria may change with gravity on other planets. However, we do have a qualitative understanding of differences in the mechanics of excavation and melt transport as a function of target type. The major parameter appears to be the target's ability to yield H20, CO2, or other relatively volatile species (e.g., SO0. Impacts yielding these gases are likely to induce gas-driven transport of impact melt and other intensely shocked materials, dispersing the highly shocked materials over a wide area. In contrast, targets such as terrestrial crystalline rocks, which yield gas only from materials shocked to pressures well over 1000 kbar, will show a much more restricted distribution of the intensely shocked materials. In craters in the crystalline targets much of the melt is confined to sheets not extending much beyond the crater rim in its modified form.
Effects of Projectile Type
Peak shock pressures (Figure 9 ), calculated by using the simplified representation of the Hugoniot, show substantial variation with meteorite type. Stony meteorites produce prespressure in the target, impact melt volumes, and the volume of sures between those induced by iron and ice meteorites. Calimpact-produced gas. We place less confidence in calculations culation of the position of a selected isobar (for example 100 of crater volume, because, as is discussed in Appendix B, the kbar in Figure 13a ) reveals that the radius to that isobar is criteria that determine the size of the excavation are not well greater for a 1-kin-diameter iron object than for a 1-kin stone understood and selection of peak shock pressures character-or ice object. However, if the calculation is done for meteoristic of the bottom and rim of craters on the earth is difficult. ites of the same mass, hence the same kinetic energy at a given 
IMPACT VELOCITY kmlsec
Fi B. 13b. Radius to the 100-kbar isobar for the impact of iron, aliabase, and ice meteorites of mass equivalent to a lkin-diameter diabase meteorite. The increased diameter of the ice meteorite has a õreater influence than the lower peak pressure that its impact induces, compared to the denser meteorite types. Mars. Peak pressures of at least 4000 kbar are generated by stony (diabase) objects striking even low-density, low-bulkmodulus targets, such as sand, at 19 km/s. Thus for the terrestrial planets, impact-induced peak shock pressures are more than adequate for melting substantial quantities of any target. Low-density objects such as comets, which are typically in more eccentric orbits than stony asteroids and which would have even higher encounter velocities, should be particularly effective in producing impact melt.
Penetration Mechanics
The calculations of penetration depths presented in Table 2 and Figure 7 indicate that at 24.6 km/s, even ice meteorites penetrate substantial distances and that all impacts can be approximated by a subsurface burst model. Surface bursts are appropriate, however, for slower impacts of ice and permafrost meteorites into rock. In the former (subsurface) case, spherical expansion of a shock from the apparent 'depth of energy deposition' is an appropriate model; in the latter (shallow) case, hemispherical expansion of a shock is more appropriate. However, the very eccentric orbits of most comets would result in higher encounter velocities than those for earth-crossing asteroids. Since the rms impact velocities for all the inner solar system exceed 19 km/s, the subsurface burst model should be usable for the terrestrial planets and their satellites (Figure 7) .
The model calculations place the center of the melted zone well below the surface of the ground (see Cratering of the low-density icy satellites of Jupiter (Ganymede and Callisto) should produce vast quantities of melt (water) and gas. Ice should be melted at about 100 kbar, and impact into ice at high velocities yields approximately 5 times more melt than would be produced from diabase or granite targets (see Table 4 ). The abundant steam generated should drive the water out of the crater and spread it over a wide area in a manner similar to the transport mechanism that we propose for our instantly produced impact ash and clay in silicate targets. (Impacts into ice would probably result in huge snow or rain storms, depending on the ambient pressure and the initial temperature of the ice.) Because we hypothesize widespread dispersal of the melt derived from volatile-rich terrestrial targets, we expect relatively little of the material shocked to over 100 kbar to fall back into a large crater in ice.
Planetary Heating and Degassing Kaula [1978] discussed the importance of the fraction of impact energy retained during accretion in determining planetary thermal evolution. Besides the normal energy partitioning during the compression and rarefaction stages of the impact event, heat transfer during the excavation and ejection stages is important in determining the fraction of meteorite kinetic energy that eventually resides in the target. Heat transferred into the volatile phases, for example, by ingestion of wet sediments or carbonates into the melt, can potentially be removed from the ground if the gas leaves the ground and escapes into the atmosphere or space. The magnitude of the energy transferred by gas escape cannot be predicted because we have no model for how much of the gas produced will be immediately recondensed on unshocked, essentially cold debris. We would infer that remixing is rapid and that a substantial fraction of the gas is recondensed by analogy with the rapid mixing of melt with the cold clasts. It is even possible that carbon dioxide from the breakdown of carbonates may partially recombine with CaO and MgO during the excavation process. The processes of gas recondensation and clast admixture into melt produced will both tend to confine the impact-induced heating within the planet rather than in ejecta which can cool by radiation. The relative importance of radiative heat loss from gas and condensation and cooling of impact-produced silicate vapor and melt by mixing with colder debris is not easily evaluated. and a diabase in its shock compression characteristics, i.e., that carbonates resemble crystalline rocks as far as shock compressibility. We estimated the pressures required to cause decarbonation as follows: We assumed that decarbonation occurred if the release temperature at I bar exceeded 894øC, the temperature at which calcite breaks down to CaD + CO2. We assumed that the release adiabat of calcite was the same as the Hugoniot (only from pressures lower than those at which decarbonation begins) and assumed that all waste heat (given by the area between the Rayleigh line and the Hugoniot) was retained in the calcite. An energy of 9 x 10 9 ergs/g is required to bring calcite to the temperature at which breakdown begins; this is reached at about 450 kbar; the latent heat of the breakdown is 16 x 10 9 ergs/g, and this Table 2 . For most of the materials, measured data would lie on these lines; measured data points for the worst fit cases (Coconino sandstone, granite, and diabase) are shown. Although phase changes are approximately accounted for in the overall compression, the parameters Co, bulk modulus Ko, and pressure derivative n so obtained do not represent the sound speed or bulk moduli of either the low-pressure initial phases or the high-pressure shock state phases except in accidental cases where there are no phase changes. Rather, they represent average equation-of-state parameters which reproduce known pressure-particle velocity and pressure-volume data to less than 10% and therefore allow calculation of bulk thermodynamic properties and extrapolation of measured data. The equations of state used and their relation to measured data are shown in Figure B 1 . Only in the cases of water, ice, aluminum, iron, and perhaps calcite, for which either there are no high-pressure transitions in the shock state or for which the transitions have very small volume changes, do the parameters obtained from equations (B1)-(B3) give the correct moduli of the low-pressure phases. The parameters and moduli used for the representative substances are given in Table B 1. 2. The release adiabats are adequately approximated by the Hugoniot. The Hugoniot is a good approximation to release adiabats for metals or materials which do not undergo phase changes characterized by large volume differences [e.g., Walsh and Christian, 1955; McQueen et al., 1967] . On the other hand, for high-velocity impacts such as those considered here, silicate materials are generally shocked into high-pressure phases. (Very complex release adiabats characteristic of materials which can undergo both phase changes to denser phases under shock compression and to highly expanded vapor phases upon release are shown in Figure A2 .) The release from these states generally lies not along the Hugoniot but along an adiabat characteristic of the high-pressure phase, with reversion at 50-100 kbar to an expanded low-pressure phase [Ahrens and O'Keefe, 1971] . The release from the highpressure phase will generally follow a P-V curve which lies below the averaged Hugoniot derived above; the reversion to the low-pressure phase will generally cross over the Hugoniot derived above, to lie above it at low pressures. In a general way, therefore, the averaged Hugoniot used in this model accounts for an 'averaged' release behavior, and we do not believe that serious error results from lack of detail in the release adiabat descriptions of the solid phases. The processes least adequately represented by this approximation are irreversible compaction and low-pressure expansion of the volatile phases. Both of these effects become very important at pressures of a few to a few tens of kilobars, and therefore calculated attenuation rates at low pressures have relatively large uncertainties, as do the estimated crater volumes. However, at that point, much of our process description is based on field results rather than on theory.
As can be seen from Table B1 and as has been demonstrated throughout the calculations in the discussion section, the shock properties of the substances of interest allow them to be grouped into four classes: (1) crystalline, nonporous rocks, which, along with the metals, have real or 'effective' bulk moduli of the order of hundreds to 1000 kbar; (2) permafrost and wet sands (data not given), which have effective bulk moduli of the order of 100 kbar; (3) dry sands and sandstones with effective bulk moduli of the order of 50 kbar; and (4) ice (and water) with actual bulk moduli of 15-25 kbar. The effective bulk modulus derivatives n generally range from 4 to 6, and for many substances, n --4.5 or 5 is a good approximation. The lowest value of n found for any substance examined was n --2.6 for dunite, and the highest values were n --5.5 for the Gault and Heitowit [1963] Brittle, ductile, and porous rocks all behave differently. Dry porous rocks behave differently from water-saturated rocks (and, by inference, from ice-saturated rocks) because in the former case the failure of the rock is controlled by the strength of the pore wall but in the latter the compressibility and thermodynamic state of the pore fill is also importa•l. In general, rocks are fragmented by stresses comparable to or greater than the dynamic yield strength, which is a few kilobars. Yet field evidence clearly demonstrates that rocks which have experienced pressures as high as 200 kbar (see discussion below) are still nearly in situ in the craters. A particle is excavated from a crater only if it is accelerated to sufficient velocity and at an appropriate angle to be ejected beyond the crater rim. Thus the velocity obtained by the particle, the distance that it must travel (i.e., the size of the crater), and the gravitational field that it must work against are all important. Keeping the gravitational effect in mind for later discussion, consider here only terrestrial craters.
We have found the data shown in Table C 1 for bottom and rim isobars from field and laboratory data. Although the compilation is by no means complete, it illustrates the complexity introduced by both scale and lithology. Because we are concerned with modeling of large craters, we have attempted to account for the effect of variation of target strength on crater volume by using different rim and bottom isobars based on the field evidence cited above: 10 kbar as the rim pressure for craters in crystalline rock, 2 kbar for craters in permafrost, and 1 kbar for craters in dry sand, Coconino sandstone, or ice. We take 250 kbar as the isobar at the bottom for all craters. We recognize that the data on Gosses Bluff, Steinheim, and Flynn Creek suggest that this isobar may be lower for the craters in sediments and discuss the effect of varying bottom and rim isobars in the text and in Table   3 . up particle velocity.
urn, ut particle velocity in the meteorite and target, respectively.
Ur.p particle velocity attained in the rarefaction. 
